When double-stranded RNA (dsRNA) is introduced into a cell, it will induce specific degradation of mRNA with the homologous sequence (17) through a mechanism named RNA interference (RNAi). The mechanism for RNAi involves an initial processing of the trigger dsRNA into short interfering RNAs (siRNAs) of 21 to 23 nucleotides by an RNase III type enzyme, called Dicer. The siRNAs are subsequently incorporated into the RNA-induced silencing complex (RISC) enzyme complex, which targets and degrades mRNA with the homologous sequence (reviewed in reference 12).
Many viruses, including those with a DNA genome, will produce dsRNA as a replication intermediate or as a side product of symmetrical transcription of both strands of the viral genome. Therefore, RNAi has the potential to act as a defense against virus infections. In plants, it is well documented that RNAi has an important function as an antiviral defense mechanism (30, 32) . Since viruses are masters of adopting strategies to subvert cellular defense mechanisms, it is not surprising that many plant DNA and RNA viruses have evolved proteins that act as suppressors of RNA silencing (reviewed in references 25 and 45) .
Assuming that RNAi plays an important function in humans, one would envisage that human viruses also have developed counter-mechanisms to overcome this silencing. However, unlike plants and invertebrates, vertebrates have the interferon system, which responds to dsRNA by inducing the synthesis of a large group of proteins that have a general inhibitory effect on virus multiplication. The best-characterized interferon-induced genes encode the protein kinase R (PKR) and the 2Ј,5Ј-oligo(A) synthetase enzymes, both of which are activated in response to dsRNA (reviewed in reference 22). Activated PKR causes an inhibition of protein synthesis by phosphorylation of eukaryotic initiation factor 2 (eIF2), and 2Ј,5Ј-oligo(A) synthetase induces general RNA degradation via activation of RNase L, leading to ultimate cell death via apoptosis. Thus, mammals with their adaptive immune system already have defense mechanisms that respond to dsRNA. However, the discovery that RNAi is triggered by siRNAs (9, 15) , which are too short to efficiently activate the interferon response pathway (reviewed in reference 39) , suggested that RNAi also may play a role in the cellular defense against infection by human viruses.
It is well established that most mammalian viruses have evolved defense strategies to suppress the negative effects that the interferon response pathway has on virus multiplication (reviewed in reference 18). This is of vital importance for the capacity of a virus to multiply successfully. Numerous viruses encode proteins or decoy RNAs that inhibit the activity of PKR by a surprisingly large range of different strategies (reviewed in references 19 and 21) . For example, human adenovirus type 5 (Ad5) encodes two approximately 160-nucleotide-long nontranslated RNA polymerase III transcripts: the virus-associated (VA) RNAs, VA RNAI and VA RNAII (reviewed in reference 37). The VA RNAs are highly structured (10) and can adopt secondary structures that show similarity to microRNAs (reviewed in reference 6) in that they form imperfect stem-loop structures. Furthermore, VA RNAI has been shown to stimulate protein synthesis in infected cells (48) and in transient transfection assays (47) by blocking activation of the interferon-induced antiviral defense system (3, 27) . VA RNAI binds to PKR and acts as a competitive inhibitor (reviewed in reference 19) , thus preventing the dsRNA that is produced by symmetrical transcription of the viral DNA (36) from activating PKR.
Since the RNAi machinery is conserved in mammals, it appeared possible that human viruses, like plant viruses, have evolved strategies to suppress RNA silencing. Here we tested this hypothesis. We show that adenovirus blocks the RNAi machinery at late times of infection. The suppression of RNAi results from a virus-induced block of the two key enzymatic activities in RNAi, Dicer and RISC. We further show that adenovirus VA RNAI and VA RNAII have the capacity to suppress RNAi in transient transfection experiments. Mechanistically, the VA RNAs appear to block RNAi by acting as competitive substrates squelching Dicer. Further, we show that the VA RNAs are themselves processed into siRNA, which are incorporated into functional RISC. Collectively, our results suggest that the adenovirus VA RNAs antagonize the cellular defense pathways directed against both long (interferon-induced) and short (RNAi-induced) dsRNA by binding and inactivating two key enzymes, PKR and Dicer.
MATERIALS AND METHODS
Cell culture condition. 293 ATCC cells were grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% newborn calf serum and 1ϫ antibiotic solution. C33A, cervix carcinoma cells, were grown in DMEM with pyruvate, supplemented with 10% fetal calf serum, minimal essential medium nonessential amino acids, 100 U/ml penicillin, and 100 U/ml streptomycin. All cell culture reagents were purchased from Gibco/BRL. VA RNA mutant viruses. All viruses used are derivatives of Ad5 and have previously been described. Mutant dl331(VA RNAI Ϫ ) is a derivative of dl327 (48) . dl703 is a variant of Ad5 in which the VA RNA region has been taken from Ad2 (8) . Mutants dl704 (VA RNAII Ϫ ), dl705 (VA RNAI Ϫ ), and dl-sub720 (VA RNAI Ϫ VA RNAII Ϫ ) are derivatives of dl703 (8) . To simplify the nomenclature the dl-sub720 virus is referred to as dl720 throughout this report.
Plasmid construction. Vectors expressing 29-base-pair short hairpin RNAs (shRNAs) directed against the b3a2 bcr/abl fusion sequence in pcDNA3.1zeo-sb3a2-4hEGFP (44) or the unrelated e1a2 bcr/abl fusion sequence were generated by cloning synthetic double-stranded b3a2 or e1a2 oligonucleotides (44) downstream of the human U6 snRNA promoter in vector pShuttle-U6 (S. Berenjian et al., unpublished data), generating plasmids pShuttleU6-b3a2 and pShuttle-U6-e1a2, respectively. Plasmids encoding Ad5 VA RNAI or VA RNAII under the transcriptional control of the H1 promoter were generated by inserting PCR fragments encoding VA RNAI or VA RNAII into the shRNA expression vector, psiRNA-hH1zeo (InvivoGen), generating plasmids H1-VA RNAI and H1-VA RNAII, respectively. Plasmids pVAI and pVAII have previously been described (47) . To construct the luciferase-VA RNA reporter plasmids, pLuc-VAI 5Ј, pLuc-VAI 3Ј, pLuc-VAII 5Ј, and pLuc-VAII 3Ј, we used pGL3-HIV-Nef (51), which is a derivative of pGL3-Control (Promega). The pGL3-HIV-Nef construct contains human immunodeficiency virus type 1 (HIV-1) Nef sequences cloned into the XbaI site directly downstream of the firefly luciferase open reading frame. To allow for a replacement cloning strategy, EcoRI and PstI restriction sites were introduced upstream and downstream of the HIV-Nef insert, respectively. PCR fragments corresponding to either the 5Ј or 3Ј half of the Ad5 VA RNAI and VA RNAII genes were cloned in the antisense orientation in the modified pGL3-HIV-Nef plasmid using the EcoRI and PstI restriction sites. Further details about the cloning strategies are available on request.
Infections and GFP reporter analysis. The vector pcDNA3.1zeo-sb3a2-4hEGFP (b3a2-GFP, for short) encodes a chimeric bcr/abl-enhanced green fluorescent protein (EGFP) (44) . To induce RNAi against EGFP, 293 cells were grown on 6-cm plates to 60% confluence and transfected with 0.5 g of plasmid b3a2-GFP and 1 g of pShuttle-U6-b3a2 or pShuttle-U6-e1a2 using the Fu-GENE6 transfection reagent (Roche), as described by the manufacturer. At 16 h posttransfection cells were infected with adenovirus wt900 (50) at a multiplicity of infection of 10 fluorescence-forming units per cell in DMEM containing 2% newborn calf serum. After 45 min the medium was replaced with fresh medium containing 10% serum. The noninfected control cells were treated identically except that virus was omitted. At 40 h posttransfection GFP-expressing cells were counted under a fluorescence microscope at a magnification of ϫ40. Ten fields from each plate were randomly selected and counted.
Luciferase reporter assay. C33A cells were grown in 24-well plates to 60% confluence and transfected using the calcium phosphate method (11) . To induce RNAi against luciferase, 0.1 g of pGL3-Control (Promega) was cotransfected with 5 ng of plasmid, pShh1-Ff1 (referred to as shLuc), which encodes an shRNA directed against firefly luciferase (41) . As a negative control plasmid pShh1-Ff1rev (referred to as shLucrev) was used, in which the shRNA is inserted in reverse orientation, resulting in synthesis of an improperly structured shRNA that does not induce silencing (41) . To test the effect of the VA RNAs on RNAi, 0.1 or 0.5 g of plasmid H1-VA RNAI or H1-VA RNAII was cotransfected with pGL3-Control and pSh11-Ff1. The total amount of DNA in each transfection mixture was brought to 1 g by the addition of pBluescript DNA. Firefly luciferase levels were determined using a Dual-Luciferase Reporter assay system (Promega).
Dicer cleavage of VA RNA in vitro. Double-stranded DNA fragments, with a T7 promoter upstream of the transcription initiation site of VA RNAI and VA RNAII, were generated by PCR amplification (primer sequences available upon request). PCR fragments were precipitated and used for in vitro transcription using a T7-MEGAshortscript kit (Ambion). After DNase treatment the RNAs were purified using NucAway spin columns (Ambion). Two micrograms of VA RNA was incubated overnight at 37°C with 1 unit of human recombinant Dicer (Stratagene) in a buffer containing 20 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 2.5 mM MgCl 2 in a final volume of 20 l. To confirm a complete cleavage of the VA RNAs, 1 l of the reaction mixture was separated on a 2% metaphor agarose gel (BMA) for fine separation of small nucleic acids. The diced VA RNAs (0.1 g per l) were further diluted to 0.02 and 0.004 g per l and used for cotransfection with the luciferase-VA RNA reporter plasmids, pLuc-VAI 5Ј, pLuc-VAI 3Ј, pLuc-VAII 5Ј, and pLuc-VAII 3Ј in 24-well plates as described above.
Cytoplasmic extract preparation. 293 cells were cultured and infected as described above. Cells from three 10-cm culture plates were collected in ice-cold phosphate-buffered saline (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.3), washed once in phosphate-buffered saline, and resuspended in 5 volumes of hypotonic buffer (10 mM HEPES-KOH, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol [DTT] ). The cells were allowed to swell on ice for 15 min and were disrupted by 20 to 30 strokes in a 23-gauge syringe needle. Nuclei were pelleted at 4,500 ϫ g, and the supernatant was centrifuged at 15,000 ϫ g for 60 min. The S15 extracts were supplemented with glycerol to 5%, quick-frozen in liquid nitrogen, and stored at Ϫ80°C. The protein concentration was determined by the Bradford assay and was typically 6 to 8 g/l.
Dicer assay. The template for dsRNA synthesis, corresponding to positions 380 to 539 in the firefly luciferase gene of plasmid pGL2-Control (Promega), was amplified by PCR using primers introducing T7 or SP6 promoter sequences at the opposite ends. A 32 P-labeled dsRNA was synthesized by in vitro transcription using T7 and SP6 RNA polymerase as previously described (43) . Templates for synthesis of the hairpin and VA RNA substrates were amplified by PCR introducing a 5Ј T7 promoter sequence. RNA was synthesized and purified as above, and the VA RNAs were analyzed on a nondenaturing polyacrylamide gel to confirm the absence of any dsRNA contaminants (38) . Dicer was assayed as described previously (7). Briefly, a 10-l reaction mixture contained 5 l of cytoplasmic extract and 5 to 10 fmol of 32 P-labeled dsRNA (approximately 50,000 dpm) in a final reaction mixture containing 20 mM HEPES, pH 7, 2 mM MgAc, 2 mM DTT, 1 mM ATP, and 0.75 mM MgCl 2 . Reaction mixtures were incubated for 2 h at 30°C, proteins were digested with proteinase K, and RNA was isolated and separated on a denaturing 15% polyacrylamide gel. The gel was dried and exposed to a phosphorimager screen (Fujix) or an X-ray film.
RISC assay. The 484-nucleotide-long 32 P-labeled capped p99 mRNA used in the experiments (see Fig. 3 ) was synthesized by T7 transcription on template pRSETA-p99 (28) . RISC activity was assayed as previously described (49) with a synthetic 21-base-pair siRNA (Dharmacon) directed against positions 242 to 263 in the p99 mRNA. The 32 P-labeled capped Luc-VA transcripts (see Fig. 8 ) were synthesized by T7 transcription from PCR templates generated by amplification using the forward primer T7-Luc-RISC-VAI (ATATATTAATACGACT CACTATAGGACCGCGAAAAAGTTG; promoter sequence in bold) or T7-Luc-RISC-VAII (ATATATTAATACGACTCACTATAGGAGGAGTTGTGTTTG; promoter sequence in bold) and the reverse primer Luc-RISC-(CCCTGAACC TGAAACAT) on the respective pLuc-VA plasmid. Each 10-l RISC assay contained 5 l of cytoplasmic extract, 25 to 50 fmol of 32 Northern blot analysis. Total cytoplasmic RNA was prepared by lysis with IsoB-NP-40 (10 mM Tris-HCl [pH 7.9], 150 mM NaCl, 1.5 mM MgCl 2 , 1% NP-40), followed by two rounds of phenol-chloroform-isoamylalcohol extraction and one extraction with chloroform-isoamylalcohol (5). Two micrograms of cytoplasmic RNA was separated on a 1% agarose gel containing 2.2 M formaldehyde, transferred to a nitrocellulose filter, and hybridized with L3-and L5-specific DNA probes (29) 32 P labeled by random priming as described (5) . For siRNA analysis total RNA was prepared from uninfected or infected 293 cells using the Trizol reagent (Invitrogen). Thirty micrograms of RNA was separated on denaturing 15% polyacrylamide gels and transferred to Hybond XL membranes (Amersham Biosciences) by electroblotting (200 mA at ϩ4°C overnight). PCR products encoding VA RNAI and VA RNAII were 32 P labeled by random priming (5). Membranes were blocked by preincubation in a solution containing 100 mg/ml dextran sulfate, 4ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 37.5% formamide, 1ϫ Denhardts solution, 12.5 mM Tris-HCl, pH 7.5, and 5 g/ml single-stranded DNA for 4 h. The probe was added, and the membranes were incubated overnight at ϩ30°C, washed two times at 30°C (5 min each time) in a solution containing 2ϫ SSC-0.1% SDS, washed three times in 1ϫ SSC-0.1% SDS, and exposed to a phosphorimager. 32 P-labeled siRNAs and a DNA ladder were used as size markers.
RESULTS

Suppression of RNAi in adenovirus-infected cells.
To determine whether human adenovirus inhibits RNAi, we cotransfected 293 cells with a bcr/abl-GFP reporter construct (44) and a vector expressing a 29-base-pair short hairpin RNA (41) directed against the bcr/abl-GFP fusion portion. As shown in Fig. 1 , the homologous sh-b3a2 hairpin RNA reduced the number of fluorescent cells expressing GFP significantly (lane 2) compared to an identical vector expressing a nonhomologous sh-e1a2 hairpin (lane 1). Infection of transfected cells with adenovirus completely annulled the inhibitory effect of the sh-b3a2 hairpin on GFP expression (lane 4), indicating that adenovirus inactivates the RNAi machinery. Adenovirus infection of cells transfected with the sh-e1a2 control hairpin RNA did not lead to a dramatic increase in GFP expression (lane 3), suggesting that the adenovirus-induced increase in GFP expression (lane 4) was not mediated by a general translational effect of VA RNA via inactivation of PKR. This type of experiment is technically difficult since RNAi induced by siRNA transfection generally requires much longer time to be fully established compared to the rapid replication cycle of adenovirus. Similar problems have been reported by others (35) . However, the results, based on six independent experiments, showed a statistically significant effect of the shRNA in uninfected cells, whereas no effect was seen in infected cells, and thus provide an indication that an adenovirus infection results in a suppression of RNAi.
Adenovirus VA RNAI and VA RNAII function as suppressors of RNAi in transiently transfected cells. The adenovirus VA RNAs are highly structured with relatively long dsRNA regions (reviewed in reference 37) and interact with a large number of cellular dsRNA binding proteins (34) . Therefore, the VA RNAs were the prime candidates to function as viral suppressors of RNAi. To test this hypothesis, C33A cells were cotransfected with a firefly luciferase reporter, a vector expressing a luciferase-specific shRNA (shLuc), and plasmid pVAI or pVAII expressing VA RNAI or VA RNAII. As shown in Fig. 2 (panels A and B) cotransfection of the shLuc plasmid resulted in a dramatic reduction in luciferase expression (lanes 1 and 2). This inhibition was specific since cotransfection of a plasmid expressing a control shRNA (shLucrev) had no significant inhibitory effect on firefly luciferase expression ( Fig. 2A, lane 5, and B, lane 7) . Further, cotransfection of the shLuc plasmid with a Renilla luciferase reporter construct did not affect luciferase expression (data not shown). Interestingly, cotransfection of plasmid pVAI suppressed the shRNAmediated reduction of luciferase expression ( Fig. 2A, lane 3) , whereas cotransfection of plasmid pVAII had only a marginal effect on luciferase reporter activity ( Fig. 2A, lane 4) . This result was not entirely unexpected since the VA RNAI promoter is much stronger than the VA RNAII promoter and this RNA is produced in substantially larger quantities during a lytic infection (8, 46) . To determine whether VA RNAII has an intrinsic capacity to block RNAi, we placed the VA RNA genes under the transcriptional control of the strong H1 promoter, generating plasmids H1-VA RNAI and H1-VA RNAII, respectively. As shown in Fig. 2B , cotransfecting increasing amounts of a plasmid expressing H1-VA RNAI (lanes 3 and 4) or H1-VA RNAII (lanes 5 and 6) resulted in a dose-dependent recovery of luciferase expression. It is noteworthy that, under these conditions, VA RNAI and VA RNAII were equally efficient in relieving shRNA-mediated suppression of luciferase expression. Collectively, these results are consistent with the conclusion that both VA RNAI and VA RNAII have the capacity to function as suppressors of RNAi.
Adenovirus blocks the activity of Dicer and RISC. Although the observed loss of RNAi in adenovirus-infected or VA RNA- (lanes 1 and 2) . Fluorescent cells were counted under the microscope at 40 h posttransfection. The figure shows a typical result with mean and standard deviation from 10 counted fields. The effect of b3a2 shRNA in uninfected cells is variable but statistically significant (36 Ϯ 18%; n ϭ 6; P ϭ 0.05). In contrast, no significant effect of b3a2 shRNA is seen in adenovirus-infected cells (8 Ϯ 13%; n ϭ 9; P ϭ 0.05).
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transfected cells suggests that one or several enzymes in the RNAi pathway are blocked, it does not rule out the possibility that it is a secondary effect, for example, as a result of inhibited RNA export through a competition for the exportin-5 receptor (35) . To confirm that there is, indeed, an inactivation of the RNAi machinery, we measured the activity of Dicer and RISC in cytoplasmic 293 cell extracts prepared at different time points after infection. Dicer activity was assayed using a 32 Plabeled dsRNA template (Fig. 3A) , and RISC activity was measured by cleavage of a 32 P-labeled mRNA incubated with a complementary synthetic siRNA (Fig. 3B) . The activity of both enzymes was reduced in virus-infected extracts, with an almost complete inhibition at 16 h postinfection. This result was not unique to the 293 cell line since a similar inhibition of Dicer and RISC was observed in extracts from adenovirusinfected HeLa Williams and HeLa spinner cells (data not shown).
Theoretically, the reduction in Dicer and RISC activity at late times of infection could result from virus-induced cell death. To demonstrate that the extracts are enzymatically active, we measured protein kinase activity directed against the SR protein ASF/SF2 (20) . We selected ASF/SF2 as a substrate since it is well established that ASF/SF2 is phosphorylated by SRPK1 (23), a cytoplasmic protein kinase that should be present in the S15 extract used to measure Dicer and RISC activity. As shown in Fig. 4A , the recombinant ASF/SF2 protein was phosphorylated as efficiently, if not slightly better, in infected extracts compared to uninfected extracts. Furthermore, studies on adenovirus alternative RNA splicing are routinely performed in our laboratory with nuclear extracts prepared at 20 to 22 h postinfection, and these extracts are fully competent in virus-specific splicing (reviewed in reference 2). Taken together, these results suggest that the inhibition of Dicer and RISC in cell extracts at late times of adenovirus infection is selective.
Interestingly, the addition of increasing amounts of target (Fig. 4B ). This result is important for two reasons. First, it shows that the Dicer-inhibitory activity in the infected extract is mediated by a limiting factor in the extract that can be out titrated. Second, this result supports the conclusion that the infected cell extracts are not metabolically dead extracts since the activity of Dicer can simply be reactivated by spiking the extract with an excess of dsRNA. The VA RNAs interfere with the activity of Dicer in infected extracts. Having a specific assay allowed us to test the effect of the individual VA RNAs on the activity of Dicer during a lytic adenovirus infection (Fig. 5) . For this purpose, we used a collection of adenovirus mutant viruses deficient in VA RNA expression (8) . In these experiments 293 cells were infected with the wild type or the mutant viruses, and the activity of Dicer was assayed in extracts prepared at late times of infection. As shown in Fig. 5A and quantitated in Fig. 5B , the wild-type virus (dl703) efficiently suppressed Dicer (lane 2), whereas the mutant dl720, which is defective both in VA RNAI and VA RNAII expression, failed to block Dicer (lane 5). This result indicates that the VA RNAs are required for suppressing the activity of Dicer during a lytic infection. Interestingly, a mutant virus defective in VA RNAII expression (dl704) was almost as efficient as the wild-type virus in suppressing Dicer (compare lanes 2 and 3). In contrast, mutant virus dl705, which is defective in VA RNAI expression, showed a markedly reduced capacity to suppress the activity of Dicer compared to the wild-type virus (compare lanes 2 to 4), suggesting that VA RNAII is a slightly less efficient Dicer suppressor compared to VA RNAI. Most likely this difference results from the fact that significantly more VA RNAI is produced during a lytic adenovirus infection (46) . As shown in Fig. 2 , the inherent activity of VA RNAI and VA RNAII to inhibit RNAi appears to be similar under conditions where expression of these RNAs are boosted by the strong H1 promoter.
The VA RNAs are substrates for Dicer. Since the VA RNAs appear to suppress RNAi (Fig. 2) by acting as competitive substrates sequestering Dicer (Fig. 4B) , we speculated that the VA RNAs might themselves be cleaved by Dicer. To test this hypothesis we incubated in vitro transcribed 32 P-labeled VA RNAs in cytoplasmic extracts prepared from uninfected cells. As shown in Fig. 6A , VA RNAI was efficiently cleaved to small RNAs (lane 6) with the same length as a synthetic 21-nucleotide siRNA (lane 1) or an siRNA cleaved from a 29-base-pair shRNA (lane 4). A quantitative analysis of the results suggests that Dicer activity against VA RNAI is approximately fourfold higher than the activity against the 29-base-pair shRNA, which in turn means that VA RNAI is cleaved with a similar efficiency as a dsRNA. VA RNAII was also cleaved to siRNA, although with much reduced efficiency compared to VA RNAI (compare lanes 6 and 8). The processing of the VA RNAs to siRNA appears to require VA RNA structure since hybrid VA RNAs, consisting of the 5Ј half of VA RNAI fused to the 3Ј half of VA RNAII (lanes 9 and 10), or vice versa, the 5Ј half of VA RNAII fused to the 3Ј half of VA RNAI (lanes 11 and 12), were not cleaved into siRNAs. To confirm that the Dicer products formed are functional siRNAs, VA RNAI and VA RNAII were cleaved with a recombinant Dicer enzyme, and the resulting fragments were tested for their capacity to function as siRNAs in transiently transfected cells. For this experiment we constructed chimeric luciferase reporter constructs; either the 5Ј half or the 3Ј half of VA RNAI and VA RNAII was fused in an antisense orientation to the 3Ј noncoding region of a luciferase reporter plasmid, generating plasmids pLuc-VAI 5Ј, pLuc-VAI 3Ј, pLuc-VAII 5Ј, and pLuc-VA 3Ј (Fig. 7A) . As shown in Fig. 7B , siRNAs derived from VA RNAI inhibited both Luc-VAI 5Ј and Luc-VAI 3Ј with a similar efficiency. In contrast, siRNAs derived by cleavage of VA RNAII inhibited Luc-VAII 3Ј significantly better than Luc-VAII 5Ј (Fig. 7C, compare lanes 2 to  4 with lanes 6 to 8) , suggesting a strand bias for incorporation into functional RISC (see also below). The silencing effect was specific since siRNAs derived from the VA RNAs did not silence luciferase expression in cells transfected with the pGL3-control plasmid ( Fig. 7B and C, lanes 9 to 12) . Collectively, these results show that both VA RNA species can be cleaved by Dicer into biologically active siRNA.
To determine whether the VA RNAs are cleaved to siRNAs also during an adenovirus infection, cytoplasmic RNA derived from wild-type or VA RNA mutant virus-infected cells was separated on a high-percentage gel and probed for VA RNAspecific siRNAs by Northern blotting. As shown in Fig. 6B , VA RNAI-specific siRNAs were detected in dl703-and dl704-infected cells (lanes 3 and 4) . As expected, such siRNAs were not produced in VA RNAI mutant virus-infected cells (lanes 5 and 6). VA RNAII produced small amounts of siRNAs of two size classes, approximately 21 and 27 nucleotides in length (lanes 8 and 10). In wild-type virus-infected cells the larger size class was weakly detected, whereas in VA RNAI mutant-infected cells, siRNAs of both the 27-and the 21-nucleotide length were observed. The dominance of siRNAs corresponding to VA RNAI in wild-type virus-infected cells most likely reflects the fact that approximately 20-fold more VA RNAI accumulates during a lytic adenovirus infection (46) . The increase in VA RNAII-specific siRNA in dl705-infected cells most likely result from the expected increase in VA RNAII expression in a virus background lacking VA RNAI (8) . Collectively, our results suggest that the VA RNAs function as substrates for Dicer cleavage both in vivo and in vitro.
The VA RNAs are incorporated into active RISC in cells at late times of adenovirus infection. Since VA RNA are cleaved into siRNA both in vitro and in vivo (Fig. 6 ) and VA-derived siRNAs are biologically functional (Fig. 7) , it became of interest to test whether VA RNA-specific siRNAs are incorporated into RISC during an adenovirus infection. We reasoned that if VA RNA-specific siRNAs become incorporated into RISC during the infection, extracts from these cells would cleave a synthetic mRNA harboring sequences complementary to VA RNA. Further, the position where RISC cleaves the VA RNA sequences would be indicative of where Dicer originally bound to the VA RNA. Also, by using targets complementary to the 5Ј and 3Ј halves of the VA RNAs, it should be possible to determine whether one or both strands of VA RNA-specific siRNAs were incorporated into RISC. To test this hypothesis, 32 P-labeled VA RNAI, VA RNAII, or VA RNA hybrid molecules (VA RNAI/II and VA RNAII/I) or a 29-base-pair shRNA were incubated in S100 extracts. After purification the reaction products were separated on a 15% denaturing polyacrylamide gel and visualized by autoradiography. Ϫ, reactions stopped at time zero. The control RNAs, VA RNA I/II and II/I, are unable to form normal secondary structures. (B) Total RNA prepared 24 h postinfection from dl703 (wild type) or VA RNA mutant virus-infected 293 cells was separated on a 15% denaturing polyacrylamide gel and transferred to a Hybond membrane. VA RNAI-and VA RNAII-specific probes were used to detect small RNAs. si, 32 P-labeled 21-base-pair siRNA marker. Note that the predominant product from VA RNAII is slightly larger than the siRNA marker.
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we analyzed RISC activity against substrate RNAs harboring sequences complementary to the 5Ј and 3Ј halves of VA RNAI and VA RNAII. As shown in Fig. 8A , cytoplasmic extracts prepared from wild-type virus-infected cells (dl703) or VA RNAII mutant-infected cells (dl704) were active in RISC, as shown by the generation of specific cleavage products directed against target RNA derived from both the 5Ј (lanes 3 and 5) and 3Ј (lanes 4 and 6) halves of VA RNAI. The size of the cleavage products corresponds to a predicted binding and cleavage of Dicer generating an siRNA from the terminal stem of VA RNAI (Fig. 8B) . Interestingly, we do not detect RISC cleavage products corresponding to an siRNA generated from the apical stem of VA RNAI. Further, the finding of RISC activity targeting both the 5Ј and 3Ј halves of VA RNAI suggests that both strands of the VA RNAI-specific siRNA become incorporated into active RISC. Notably, the activity is significantly higher in extract from cells infected with the mutant virus deficient in VA RNAII expression (dl704), suggesting that VA RNAI and VA RNAII may compete for binding to Dicer and/or RISC. A similar experiment was done to score for siRNAs derived from VA RNAII. However, it should be noted that the secondary structure of VA RNAII has not been experimentally tested. The structure shown in Fig. 8B is a computer-generated model (1) . Incubation with target RNAs complementary to VA RNAII resulted in a cleavage product corresponding to an siRNA processed from the predicted terminal stem of VA RNAII (Fig. 8A, lower panel) . However, in this case a cleavage product is only seen with the VA RNAII 3Ј target RNA (lane 8), suggesting that there is a strand bias resulting in a strong preference for incorporation of the 3Ј strand of the VA RNAII-derived siRNA into RISC. It is noteworthy that the VA RNA-specific cleavage product was hardly detectable in wildtype virus-infected cells (dl703, lane 4), whereas it became a prominent product in cells infected with a mutant unable to express VA RNAI (dl705, lane 8). This result was not surprising since VA RNAII is produced in much lower levels compared to VA RNAI in a wild-type infection (Ϸ5%) ( 46) . It has been shown that in the absence of VA RNAI, transcription of VA RNAII increases dramatically (8) . Also, VA RNAII-specific siRNAs are only detected in dl705-infected cells (Fig. 6B) .
As expected, extracts prepared from mutant virus infections deficient in VA RNAI expression (dl705 and dl720) or VA RNAII (dl704 and dl720) expression did not yield RISC activity against VA RNAI (Fig. 8A, lanes 7 to 10) or VA RNAII (Fig. 8A, lanes 5, 6, 9 , and 10), respectively. Collectively, these results suggest that Dicer binds to the terminal stem of both VA RNAI and VA RNAII. Further, our results show that Dicer cleaves the VA RNAs to siRNAs in vivo and that siRNAs derived from the VA RNAs are incorporated into functional RISC during a lytic infection.
DISCUSSION
Here we show that human adenovirus, a double-stranded DNA virus, encodes two small nontranslated RNA polymerase III transcripts, VA RNAI and VA RNAII, which have the capacity to suppress RNAi. The idea that the VA RNAs might function as suppressors of RNAi originates from the observation that they form highly folded structures with imperfect stems (Fig. 8B ) that resemble precursors to microRNA and therefore might sequester Dicer by acting as competing substrates or pseudo-substrates. The finding that VA RNAI and VA RNAII are indeed processed by Dicer into siRNAs both in vitro and during a lytic infection (Fig. 6 ) supports this model and shows that the VA RNAs can interact with Dicer. Further, the observation that suppression of the activity of Dicer in infected extracts can be overcome by increasing the substrate concentration (Fig. 4B) suggests that the VA RNAs act as competitive substrates. Since the VA RNAs are expressed at copious amounts at late times of an adenovirus infection (up to 10 8 copies/cell) (46) one would expect that they are produced in great excess over any aberrantly formed dsRNAs. Therefore, a simple competitive inhibition for binding to Dicer would be sufficient to explain the inhibitory effect of the VA RNAs on RNAi.
During the review process of this report, a study was published showing that, in transient transfection assays, VA RNAI inhibits RNAi and microRNA processing (35) . The authors provided evidence suggesting that VA RNAI may achieve this by suppressing the nuclear export of shRNA by competing for binding to the exportin-5 nuclear transport factor. Also, they provided preliminary evidence that VA RNAI blocks Dicer by showing that a synthetic VA RNAI can suppress the activity of a recombinant Dicer in vitro (35) . We have not addressed the significance of exportin-5 in VA RNA-mediated suppression of RNAi during a lytic virus infection. However, our experiments extend significantly on the study by Lu and Cullen (35) by providing strong evidence that the VA RNAs are, indeed, important for the suppression of Dicer in lytically infected cells (Fig. 5) . Thus, we show that VA RNAs (i) suppress the activity of Dicer in extracts prepared from cells at late times of infection, (ii) bind Dicer through their terminal stems (Fig. 8) , and (iii) are cleaved by Dicer both in vitro and in vivo (Fig. 6 ) into functional siRNAs (Fig. 7) that are incorporated in active RISC (Fig. 8) . Taken together, the two studies provide strong support for the hypothesis that the VA RNAs exert their inhibitory effect on RNAi by suppressing the exportin-5-mediated export of dsRNA and cytoplasmic processing of dsRNA into siRNA. The observation that the activity of RISC is also inhibited in virus-infected cells (Fig. 3B) is novel. The most simplistic model to explain this finding would be to postulate that RISC becomes saturated by VA RNA-specific siRNAs in vivo. Such VA RNA-specific RISC complexes could either suppress or, alternatively, redirect RISC in virus-infected cells toward VA RNA-specific sequences. Since the VA RNAs are encoded by intronic sequences, such VA RNA-specific RISC would not induce cleavage of cytoplasmic mRNA and, therefore, would not have any negative effects on virus multiplication. Also, siRNA target sequences that are located within secondary structures escape from cleavage by RISC (51) . Although attractive, our preliminary experiments suggest that the VA RNAs are not required for inhibition of RISC. Thus, it appears more likely that another viral gene product yet to be identified is responsible for the inhibition of RISC. Our future work will be aimed at resolving this question.
Taken together, current data point to the possibility that adenovirus VA RNAI may serve two functions during adenovirus multiplication. It appears to antagonize the cellular defense pathways against both long (interferon) and short (RNAi) dsRNA by binding the two key enzymes in the respective pathways, PKR and Dicer. The two enzymes bind to nonoverlapping sequences. Thus, PKR binds to VA RNAI via interactions through the central domain and the apical stem (10) , whereas Dicer appears to interact with the terminal stem of VA RNAI. Although VA RNAI and VA RNAII appear to have redundant activities in the suppression of RNAi, we suspect that during the natural life cycle of the virus, VA RNAI is of greater importance since it is produced in substantially larger quantities compared to VA RNAII (46) . Such a speculation is also supported by the observation that predominantly VA RNAI-specific siRNA (Fig. 6B) and RISC (Fig. 8) are detectable in wild-type virus-infected cells.
It appears likely that many virus-encoded PKR inhibitory proteins or RNAs will also have a function as suppressors of RNAi. From this perspective it is interesting that a recent study showed that the interferon-antagonizing proteins of vaccinia virus (EL3) and influenza virus (NS1) function as suppressors of RNAi in transiently transfected Drosophila cells (33) . It will be interesting to see whether these proteins also suppress RNAi during a lytic infection of human cells. Since both proteins presumably act by binding and sequestering dsRNA, thereby making it inaccessible for Dicer, they show similarity in function to the VA RNAs described here.
The finding that Dicer cleaves VA RNAI into siRNA both in vitro and during virus infection raises the interesting possibility that siRNAs generated from VA RNA could function as microRNAs and interfere with the expression of viral or cellular genes during infection. The Epstein-Barr virus was recently shown to encode such microRNAs (42) . While a BLAST search with VA RNA sequences against the human genome generates no perfect matches, the possibility remains that imperfect matches to cellular mRNA sequences result in a translational block, as has been shown for microRNAs (13, 40) . Identifying the targets of such an interaction may, however, be a formidable task since the sequence homology required to obtain repression apparently follows no simple rules and several different microRNAs and siRNAs can act cooperatively to obtain repression (14) .
The finding that adenovirus inactivates the RNAi pathway may be interpreted to indicate that RNAi may play a role in the defense against viruses in mammals, as it does in plants (32) and invertebrates (31) . However, it remains to be established how significant the RNAi machinery is in humans. It may be of importance that RNAi is only one of several regulatory pathways mediated by small RNAs. For example, small RNAs regulate translation and gene silencing through DNA methylation and heterochromatin formation (reviewed in reference 16). Perhaps the suppressive effect of VA RNA on Dicer interferes with one of these activities or another unrelated, yetto-be-discovered cellular function that is mediated by small RNAs.
However, if suppression of RNAi is a general strategy used by mammalian viruses, therapeutic intervention of virus infections by siRNA treatment needs to take this suppressive mechanism into account. Also, the possible existence of viral suppressors of RNAi should have consequences on how adenoviral vectors, and potentially other viral vectors, are designed to create optimal vectors for siRNA delivery to target cells. Since the VA RNAs are also transcribed from nonreplicating adenoviral vectors, one would expect that VA RNA might negatively affect the efficiency of adenovirus-delivered shRNA. Further, it is possible that an adenoviral vector may alter cellular gene expression as a result of competition between VA RNA and cellular microRNAs as observed in virusinfected plants (26) . From this point it is interesting that VA RNAI requires exportin-5 for nuclear export (24, 52) and inhibits export of premicroRNA precursors by competing for the exportin-5 transport factor (35) . It is noteworthy that the joint pathways for RNAi and microRNA processing in vertebrates might pose a strong evolutionary constraint on the evolution of viral pathogens that cause persistent or latent infections. Since blocking microRNA processing would have serious effects on the expression of microRNA-regulated genes and may even kill many cells, including stem cells (reviewed in reference 4), a persistent/latent infection may require that the virus is hiding from RNAi rather than inhibiting it.
